The three cosmological conjectures to which our work refers are: the phenomenon called geodesic incompleteness, the physical gravitational θG-term that would characterize the 1-parameter family of inequivalent vacua of quantum gravidynamics, and the hypothesis of multiversality [1] , more specifically, a zero-energy multiverse.
, in the same way as a book is more than one of its sheets. To be more precise, we are following [1] and "by universe we mean the domain of physical phenomena which either are, or can reasonably be expected to be, accessible to observation by human beings in the foreseeable future. By multiverse, we mean a larger physical structure of which the universe forms part".
The main arguments against multiversality [8] are that they are wasteful and weird. The first argument is that multiverse theories are vulnerable to Ockham's razor, since they postulate the existence of other worlds inaccesible to observation by human beings in the foreseeable future. However, as discussed in detail in [9] , an entire ensemble is often much simpler to accept than one of its members. In fact, if the time coordinate has an origin, as it is the case in the framework of the mentioned theorems [2, 3] , time is better represented as a radial coordinate than otherwise, since in such a case, t ∈ [0, ∞). But a radial coordinate has to be accompanied by angular coordinates, which at this point we generically denote by θ (i) G . Therefore, the Ockham's razor argument is not telling us that only a sheet of the possible multiverse book, i.e. only a t θ G , is simpler to accept than the whole book, it would rather be telling us otherwise. Then, extrapolating to our case the Vilenkin picture [10] [11] [12] [13] [14] [15] [16] , the TLMBB would produce small closed universes which spontaneously nucleate "out of nothing" (see Sec. III): this would be the birth of our multiverse's book sheet.
But we are talking about physics, not mathematics. If the TLMBB had to invest more energy to produce two, three universes or the entire multiverse than to produce only our observable universe, then, maybe, there could be energetic arguments that could be used to justify the existence of only our observable universe. Then the Ockham's razor argument would not be saying us that the whole book is easier to accept than only a sheet of the book. But in our multiverse conjecture (see Section III) it costs the same energy (zero energy) to produce one universe as many, so we maintain that Ockham's razor favors multiversality.
Note that in our scheme we do not accept multiversality forced by the peculiar values of the physical constants of the universe, but by the interpretation of Ockham's razor within our framework. Indeed, in a book with a lot of sheets it would not be surprising that in the sheet corresponding to the observable universe the parameters of the standard model would have the values they have, just the right ones needed to allow for complex structures. In the present proposal, the multiverse is a natural consequence of the interpretation of the time as a radial coordinate, as suggested from the geodesic incompleteness theorems. This interpretation offers then an internal space where multiple time coordinates (corresponding to an ensemble of universes) can be included. Note that this is a motivation for a multiverse much different from those based on the anthropic principle or the eternal inflation paradigm (for a review, see Ref. [17] ). In short, on the basis that the universe is past incomplete, our multiversality, i.e. a zero energy multiverse ensemble {U θ G }, is simpler to accept than one of its members.
The second argument, that multiverses are weird, is really a very weird argument: just remember that, for example, liquid Helium II can flow upward; see more examples in Ref. [8] .
The identification of the different sheets of the multivers's book in Figs. 1 and 2 with an angular θ G coordinate is based on the second of the above mentioned conjectures: the physical gravitational topological θ G -term. The motivation for this extension of Einstein gravity will be reviewed in Sec. II. Note that such an ingredient allows us to say that quantum chromodynamics (QCD) and QGD have a similar topological structure; note also however that there is an important distinction between the various θ vacua of QGD or QCD and the possible numerical values of θ of a spontaneously broken symmetry, such as the Higgs sector of the electroweak theory. In the latter case, the possible numerical values of θ label the same theory. In contrast, each value of θ in QGD or QCD corresponds to a different theory [18] : the physical gravitational topological θ G -term specifies the content of the version of QGD used by Nature.
In Section III, devoted to the zero-energy multiverse, we discuss that, although there are difficulties in obtaining a unique definition of gravitational energy, the use of the Landau-Lifshitz energy momentum pseudo-tensor leads to a negative character of the gravitational energy and to the vanishing of the total energy of closed universes and, with some specifications, to that of spatially flat universes and even also to that of any FRW universe, including the open universes. In that section we also discuss the zero-energy multiverse created from "nothing". By "nothing" we mean, according to Vilenkin [10, 11] , "a state with no classical spacetime and matter", supported, eventually, in the TLMBB. How the universe is created by tunneling from "nothing" into a perturbative minisuperspace framework of a de Sitter universe is discussed extensively in Refs. [10] [11] [12] [13] [14] [15] [16] .
Finally, in Section IV we speculate that the inner part of the TLMBB, where the classical spacetime has disappeared, could be the appropriate world where to build a MQC: a footprint of this MQC outside of the TLMBB should be the theory of QG of our observable universe. If this speculation could be implemented, then multiversality would have a predictive power in our observable universe.
II. THE GRAVITATIONAL TOPOLOGICAL θG-TERM
It is commonly assumed, both that during the Planck epoch the current physical theories do not have predictive value, and that physics is dominated by the quantum effects of gravity. In this epoch we do not know the physical laws and then we can not label space and time: to all intents and purposes, in this epoch the classical spacetime disappears. In our framework, it disappears at the TLMBB, within which current physics does not work.
Having said this, and in the absence of a full QG theory, we can ask ourselves if any of the proposals in the literature to take into account possible low-energy quantum gravitational effects fits well in our framework. One of these particular effects could be a CP violation induced by the addition to the standard Einstein Hilbert action of a topological θ G -term
where R n abm is the curvature tensor. Such a term can be motivated, in a quite generic way, by the principle of gauge invariance, giving rise to the so-called "Chern-Simons" (CS) modified general relativity, where in fact θ G can be coordinate-dependent and also evolve dynamically with the inclusion of a new term in the action [19, 20] .
There are however important reasons to consider such a term with a constant θ G as an ingredient of a "quantum gravidynamics" (QGD) [4] . In the loop quantum gravity approach, canonical quantization of GR is achieved by analogy to Yang-Mills (YM) theory, which is made manifest when the Einstein-Hilbert action is expressed in terms of Ashtekar "connection variables" (essentially, an SU(2) connection A i a and its conjugate momenta, the triad, E a i ) [5] . The triad must then satisfy the Gauss law,
where D is the gauge-covariant derivative operator defined by A i a .
The constraint Eq. (2) generates internal gauge transformations in the form of triad rotations, which transform the connection A → A . As in YM theories, the topology of the quotient of space of connections by the action of the gauge group is nontrivial, and this leads to a 1-parameter ambiguity in the quantization of the theory. In particular, wavefunctions are represented by functionals of A i a , Ψ[A], which are invariant under "small" (continuously connected to the identity) gauge transformations,
while they transform under "large" local gauge transformations according to their unitary irreducible representations, which are of the form e inθ , where n is the winding number and θ, 0 ≤ θ ≤ 2π, is an angular ambiguity parameter. Under a large gauge transformation,
and the quantized theory depends on the value of the θ parameter. It is possible to rescale the wavefunctions to eliminate this θ dependence, at the cost of changing the expression of the momentum operator, E a i = −iδ/δA i a , with a CP-violating θ-dependent term. This redefinition of the momentum can be in fact understood at the level of the action (on solutions to the field equations [5, 6] ) as arising from the addition of the topological term Eq. (1) with a constant (coordinate independent) value of θ G [5, 20] . Topological considerations of QGD, therefore, lead to a 1-parameter family of quantum theories (labelled by θ G ) with P and CP violation in every sector except for θ G = 0, π [5] . In summary, loop quantum gravity gives base to the term Eq. (1) [21] .
The parity violating gravitational θ G -term Eq.
(1) has also been studied in connection with black-hole physics, where it has been show that, although this term does not contribute to the classical equations of motion because it is a total derivative, it affects the transport properties of the horizon, suggesting that the θ G -term may play an important role in a sensible theory of QG [22] . At this point we want to remark that such an ingredient naturally fits in our model, since the arbitrariness in the θ G parameter provides us with an angular coordinate which distinguishes a specific universe, as shown in Fig. 1 . It is therefore a particular realization of the ensemble of universes that arises in our framework, when the geodesic incompletitude theorems forces one to consider time as a radial coordinate. In the following section we turn our attention to the multiverse idea.
III. NEGATIVE CHARACTER OF THE GRAVITATIONAL ENERGY AND THE ZERO-ENERGY MULTIVERSE OF QUANTUM COSMOLOGY
Our zero-energy multiverse conjecture has two parts. The first one is that, although there are difficulties in obtaining a unique definition of gravitational energy, the use of the Landau-Lifshitz energy momentum pseudo-tensor [23] leads to a negative character of the gravitational energy and to the vanishing of the total energy of closed universes and, with some specifications [24] , to that of spatially flat universes and even also to that of any FRW universe, including the open models [25] . It is worthwhile to mention that the vanishing of the total energy of the closed universe as calculated in Ref. [24] , by using the Landau-Lifshitz pseudo-tensor, corroborates Rosen's results [26] based on the Einstein pseudo-tensor and confirms also the views of Guth [27] , Hawking [7] and Cooperstock [28] . It is also interesting to note that, without resorting to mathematics, Guth explains in the appendix quoted in Ref. [29] , "how the properties of gravity can be used to show that the energy of a gravitational field is unambiguously negative". This is fine, but during the Planck epoch the current physical theories (on which these previous results are based, Refs. [23] [24] [25] ) do not have predictive power because at that moment physics is dominated by quantum effects of gravity, which are not taken into account by these theories. Nevertheless, there are earlier proposals that the universe arose as a quantum fluctuation of the vacuum, which also implies zero value for the energy of the universe [7, [10] [11] [12] [13] [14] [15] [16] [30] [31] [32] [33] . To our knowledge, the idea that our universe might be a vacuum fluctuation was originally suggested, first in a vague way by Albrow [30] , and then more explicitly by Tryon [31] . It is in fact more accurate to say that the universe is created from "nothing", where by "nothing" we mean, according to Vilenkin, "a state with no classical spacetime and matter" [10] [11] [12] [13] [14] [15] [16] . We recommend chapters 16 and 17 of Ref. [17] for a very clear introduction to how the universe is created by quantum tunneling from "nothing" into a de Sitter space. The "tunneling" wave function approach to quantum cosmology, using a simple model of a closed Friedmann-Robertson-Walker universe, and comments on the alternative proposals for the wave function are discussed in Ref. [15] , while a more complete analysis of the tunneling wave function of the universe is given in the recent Ref. [16] . Note that this creation of the universe is unavoidable, since, as emphasized in note 8 of chapter 16 of Vilenkin's book [17] , "spacetime itself is past-incomplete, and therefore does not provide a satisfactory model of a universe without a beginning." In our framework, which is supported on a TLMBB, spacetime is indeed past-incomplete, in agreement both with the comment in Vilenkin's book and the aforementioned observation by Hawking [7] .
The second part is to make an obvious use of these results in our zero-energy multiverse. Our conjecture is essentially "the conjecture of the multiverse of quantum cosmology", level 3 of the multiverse in the terminology of Perlov and Vilenkin [34] : "Level 3: multiple disconnected spacetimes produced by quantum tunneling from nothing". Note also that in the quantum tunneling from "nothing" proposal, a universe can emerge with any of a variety of values for the vacuum energy [34] : "We shall refer to this ensemble of universes as the multiverse of quantum cosmology". In our case, we assume that the complete multiverse ensemble, {U θ G }, arising out from the TLMBB, is produced by quantum tunneling from nothing. In our multiverse conjecture it costs the same energy (zero energy) to produce one universe as many, so that we maintain that Ockham's razor favors multiversality (see section I).
In Ref. [34] it is also recalled that "the level 3 multiverse of quantum cosmology is regarded as an intriguing possibility, but progress in this area should await the development of the theory of quantum gravity". But, what if things were the other way round and an identification of the framework in which to build a QC were needed as a previous step to develop QG? As Wiltshire says [35] , referring to QC and QG: "Quantum cosmology is perhaps most properly viewed as one attempt among many to grapple with the question of finding a quantum theory of gravity". If this were the case, the first thing to do should be to imagine the framework for QC. A past-incomplete universe [2, 3] invites to consider our proposal as a reasonable framework.
Following Wilcek's definition [1] , the multiverse is a larger physical structure of which our universe forms part. However, in our framework we have two different regions, one outside the TLMBB, determined by all the elements of our multiverse book, {U θ G }, and another one corresponding to the unknown nature of the TLMBB, in which all members of the multiverse ensemble, together with their respectives classical spacetimes, disappear. The physical or mathematical underlying construction for the TLMBB which would be needed to build the MQC (the analogous of Hilbert spaces in the case of quantum mechanics, for example) is then an open question that, as we argue in the following section, could be related to the formulation of QG.
IV. CONCLUSIONS AND COMMENTS
Our proposal of a framework for MQC has been based on three cosmological conjectures that give the main features of this framework: the geodesic incompleteness theorems led us to consider a TLMBB, with a radial interpretation of the time coordinate, which implies an ensemble of universes; this ensemble has a natural realization in the oneparameter family of inequivalent vacua in QGD; finally, the existence of this set of universes, which are labelled by the topological θ G -term, is made consistent in a zero-energy multiverse. We will now finish by commenting on some features and possible consequences of this proposal.
First, it is interesting to note that the angular coordinate that arises naturally in our framework can be related to a theoretical angular ambiguity in the formulation of loop quantum gravity, producing a CP violating term that may be relevant to QG, as the black-hole analysis of Ref. [22] suggests.
Secondly, we would like to remark that the approach of Vilenkin [10] [11] [12] [13] [14] [15] [16] , based on the picture that small closed universes spontaneously nucleate out of nothing, fits well in our framework [14] : "All universes in this metauniverse are disconnected from one another, and generally have different values for some of the constants. This variation may be due to different compacting schemes, etc (...) After nucleation, the universes enter a state of inflationary expansion". In a future development of this work, we will consider how our spacetime, much larger than the observable universe (see Figs. 1 and 2 ) can affect Vilenkin's tunneling proposal.
Vilenkin's tunneling is basically different from tunneling in ordinary quantum mechanics, where it takes place from one classical allowed region to another classically allowed region. The transition from "nothing" to Vilenkin's universe, however, is supposed to take place from a classically forbidden (Euclidean) region to a classically allowed (Lorentzian) region (see for example [11, 13, 36] ), so that the conservation of current is obviously violated. Section IV of Ref. [36] discusses this point in detail. How would this violation fit in the proposal presented here? In relation to this question, one thing to keep in mind is that from the point of view of a MQC, the classically disconnected universes could be in fact connected through quantum entanglement. An entanglement between the elements of our multiverse ensemble, {U θ G }, could then have observable effects in our own universe. This is at the moment a very speculative issue. Nevertheless, it could be mentioned that in the context of minisuperspace models [37, 38] , it can be argued that if the universes were created in entangled pairs with opposite values of the momenta conjugated to the configuration variables of the minisuperpace, then the aforementioned violation of the current would not occur [39] .
Finally, general relativity and cosmology consider the large scale structure of spacetime. To quantize GR one has to quantize spacetime itself, rather than the fields that live in that spacetime. On the other hand, QC is viewed as an attempt among many to face with the question of finding a theory of QG [35] . Therefore, a framework for (multiverse) quantum cosmology, as the one we are proposing here, based on three well-studied cosmological conjectures, could help us in the search for QG. In Section III, we have paid attention to this possibility when we considered that the identification of the appropriate framework to build a QC could be a necessary step before developing a theory of QG. Now, any physical or mathematical structure underlying the TLMBB should incorporate a correspondence principle (quite speculatively, and as an example, an attempt could go in the line of Ref. [40] ) such that the MQC theory should lead, at low energies, to the extension of Einstein's gravity by a physical gravitational topological θ G -term [4, 5] outside the TLMBB. In this case, as our proposal would have turned out to be the detonator of this property, we would expect that multiversality would provide us with some pieces of the still unknown theory of QG.
